along its curve, it is fundamental to inquire what relation exists between reaction velocity and the resulting light intensity. Traut# from an extensive study of chemiluminescent reactions, but without actual quantitative data, arrived at the conclusion that light intensity is proportional to the velocity of reaction, and therefore a direct measure of it. He based his conclusions upon the observed increase of light intensity in such reacting solutions with the increase of temperature, and upon other similar considerations. Such qualitative observations are by no means adequate to establish such a quantitative hypothesis, but certainly point in the direction of its truth.
In the related field of true inorganic phosphorescence the most comprehensive theory which has yet been proposed is that of Wiedemann and Schmidt, ~ which, in its most general form, supposes that some chemical or physical change is produced in a luminescent material while the exciting radiation is impinging upon it, and that the luminescence which persists when excitation ceases is an expression of the gradual restoration of the original state with the emission of light. More specifically it is generally believed that the effect of the exciting radiation is to split a portion of the luminescent material into equal members of positive and negative particles, probably ionic in nature, and that the luminescence which appears is due to the recombination of these ions at a definite rate. Accurate determinations of the law of decay of light in such materials have given values which fit in well with this hypothesis, if the emitted light is taken to be a direct measure of the number of recombinations at any instant, for it has been found that if the reciprocal of the square root of the light intensity be plotted against time a straight line will connect all the points, and this is the theoretical expectation if two substances, present in equal concentrations, are combining together under the law of mass action. In other words, true inorganic phosphorescences appear to follow the kinetics of a stoichiometric bimolecular reaction. 8 While the theory was originally proposed to explain the form of the i Trautz, M., Z. physik. Chem., 1905, lift, 1. Wiedemann, E., and Schmidt., C. C., Wied. Ann., 1895, Ivi, 177. It has been found, however, that this is not true at all temperatures, and that some other pow.er of I than ½ may better accord with the experimental observations. See Ires, H. E., and Luckiesh, M., Astrophys. J., 1912, xxxvi, 330. decay curve, and cannot therefore be considered verified by it, the assumptions are at least the most plausible that can be made at present. The Cypridina luminescence is not, however, a phosphorescence but an oxyluminescence.
In the present work I adopted as a working hypothesis this assumption that light intensity is a direct measure of reaction velocity, My experimental results give a consistent picture when interpreted in terms of such an assumption, and greatly increase the probability of its truth, lending, I believe, quantitative support to the hypothesis of Trautz. Data obtained from a large number of photographic records extending over wide differences in concentration of both enzyme and substrate all indicate clearly that in every case after the first bright flash is over, the emitted light dies out by a simple exponential relationship, so that if the logarithm of the intensity of the light be plotted against time a straight line may be drawn through all the points. A graph of the intensity values obtained in a typical decay curve is shown in Fig. 1 , these values being the same as those tabulated in Table I . In A, intensity is plotted against time; in B the logarithm of the intensity is plotted against time. The exponential relationship is unmistakable. I have found this relationship holding in a large number of separate records, totaling 48 to date The coincidence between the experimental values and those calculated from the mean curve is not always as good as in the records tabulated in Tables I and II , but is not to be mistaken. I have plotted all other records submitted in the straight line form only, since this form is best adapted to mathematical analysis.
In Tables I and II the calculated values are those taken from the mean curve of the straight line form. The calculated initial intensities are read from the intersection of the straight line on the zero time axis, and are about one-third of the intensities actually recorded in the initial flash.
The form of the decay curve in Cypridina is in complete agreement with the theoretical expectation for a monomolecular reaction. For if, according to the standard form,
Where k = velocity constant, A, initial concentration of the single reactant, and X, amount of this reactant which has disappeared in the reaction in time t. Then by integration
And
(1)
log (A --X) = log A --kt Let I represent light intensity. Then, by the basic assumption
Taking logarithms, log I = log k + log (A --X)
Substitute for log (A -X) its value from (1) log I =* log k + log A --kt
Equation 2 is the equation of a straight line, in which log I and t are the two variables, and whose slope is negative and proportional to the velocity constant, whose absolute value may be calculated from it, as we shall see. The experimental values plot in agreement with this form, and are interpreted to indicate that the luminescence proceeds as a monomolecular reaction. 4
From the work of Harvey 5 and others, we can be sure that oxygen is necessary to the progress of the reaction, in addition to the luciferin itself. It may well be asked, therefore, why the concentration of oxygen is not also a determining factor, and why it does not swing the curve over in the direction of a blmolecular form. The answer appears to be that under the conditions of the experiment, oxygen is always present in excess, and that it therefore does not affect the form of the decay curve.
I have made it a practice to read off the slopes of the straight line plottings directly from the graphical form, and have used these values as if they were the velocity constants, since we are here concerned with relative values, and ratios, and not absolute values. All tabulations of relative values of k have been determined thus directly from the graphs. These values of course depend upon the choice of coordinate scales. The absolute value of k may easily be calcu- The time t needed to reduce the concentration A to half of its value is determined directly from the graph. For log I at time 0, determined from the straight line intersection in Fig This gives the absolute value of the velocity constant if we are using Briggs' logarithms. The corresponding value of k for the natural system is:
2.43 km~ 0.4343
This absolute value of k will indicate the extraordinarily high speed at which this luminescent reaction is proceeding, even at room temperature.
The Secondary Reaction.--I have mentioned at various places the highly labile character of luciferin solutions which oxidize spontaIf X becomes A 2 Then neously in the absence of the enzyme, and without light production. It is not possible at present to state whether this spontaneous oxidation continues side by side with the catalytic oxidation when the enzyme has been added, or how important a part it plays if it be then present. In any case it proceeds at a much lower rate than the catalytic reaction, and does not affect the monomolecular reaction, and hence only affects the value of k in equation (2), without destroying the logarithmic form itself.
It is not possible, of course, to follow the kinetics of this secondary reaction in any direct way since it produces no light. I have attempted to ascertain by an indirect method whether the assumption of a monomolecular form for this reaction is correct. Tothree tubes containing originally identical quantities of luciferin solution (20 cc.) were added identical luciferase solutions (1 cc.) at successive times, the second addition being 10 minutes after the first, and the third addition 20 minutes later. All solutions were stirred from the instant of addition. The light from these tubes was allowed to fall for 90 seconas from identical distances upon three small neighboring areas of a strip of film. A calibration series was then impressed upon the record and the film developed. In 90 seconds over 99 per cent of the luciferin in such an aqueous solution has been oxidized with light production. It will later be seen that th~ total light given out when the reaction has gone to completion is probably a linear function of the initial concentration of luciferin. The decrease in total light therefore, in solutions which have stood until the secondary reaction has reduced the initial luciferin concentration, may be taken as a direct measure of such reduction. In one experiment I found that the total light emitted from the second tube, which had stood for 10 minutes, was 52.24 per cent of that emitted by its companion tube run previously. If the spontaneous reaction is monomolecular in character, the third tube run after 20 minutes should have shown a decrease in intensity to 27.29 per cent of the first tube. The actual total intensity observed in this tube was 28.45 per cent which agrees rather well with the expected value. Such data gives fair quantitative support to the hypothesis.
While this secondary or spontaneous reaction has entered in at various points to complicate the problem, it has also proven of value in one part of the study. It is greatly accelerated by a rise in tern-perature, and I have used this characteristic to prepare luciferin solutions of different concentrations, as will shortly be described.
Experimental Errors.
In quantitative work with unstable organic substances, errors are certain to appear, no matter how carefully the manipulation may be The values check within the photographic error.
Absciss,'e represent time in ram. along the film; ordinates, logarithm of intensity.
controlled. I have made every effort to hold all factors constant, except the one under investigation, but small and uncontrollable variations undoubtedly have been present. It is impossible, for instance to throw all of the enzyme solutions from their containing pipettes. A small amount remains upon the walls. This amount is usually practically identical in each pipette but variations in enzyme strength of as much as 2 or 3 per cent may be produced in this way. I have previously discussed the maglfitude of the errors known to inhere in the photographic method itself. The question may well be raised, however, as to how closely it is possible to secure identity when simultaneous records are made using identical concentrations of both enzyme and substrate. I have plotted the data obtained in two such identical runs in Fig. 2 . In practically all cases the differences between the two readings are within the error of the photographic method.
The Influence of Stirring.
I have previously mentioned that, in spite of the known character of the reaction, which is at least bimolecular, involving both luciferin and oxygen, the decay curve follows the monomolecular form, because, under the conditions of the experiment, oxygen is always present in excess. The oxygen tension required for a maximum brightness of Cypridina luminescence is known to be quite small. Harvey ~ found that the brightness of luminescence in this animal is not affected by decreases in oxygen concentration until the tension has fallen below the value of 53 mm. of mercury. Above this value the oxygen may be considered to be in excess. It has not been possible in the present work to boil out solutions to such a low value of oxygen concentration, or to prevent its rediffusion during the pourings necessary in their manipulation.
I was interested to know, however, whether stirring would in any way affect the form of the decay curve. I found that stirring has no affect, and that two simultaneous records with identical solutions, one stirred, and the other not, follow each other side by side down the curve of decay, within the limits of the photographic error. The results of such an experiment are graphed in Fig. 3 . Complete mixing of enzyme and substrate is evidently produced by the force with which the enzyme is added, and stirring does not add to its completeness.
The Influence of Enzyme Concentration.
Actual concentrations of materials used are, of course, impossible to ascertain. Accurate relative concentrations of luciferase may, however, be obtained by dilution. Using this method I have studied the effect upon reaction velocity when a certain concentration of enzyme, which we will call C, is reduced by dilution to the values C, C, and C 2 ~ ~. Both enzyme solutions are added simultaneously to identical luciferin solutions at the same temperature. Typical records obtained in such a way are graphed in Fig. 4 , in C which the two enzyme concentration were C and ~. The slope of the straight line plotting gives at once the values of the velocity constants, as already shown in equation 2. The ratio of these slopes OF BIOLUMINESCENT REACTION. II therefore, represents the effect of the dilution upon the reaction velocity. In this case this ratio is 2.17, a slightly higher value than would be expected if reaction velocity were directly proportional to enzyme concentration. Such a variation might well arise from the experimental errors, but in the light of the data tabulated in Table   o III, it will be seen that the slope ratios are practically always (one exception) somewhat higher than the expectation for a direct proportionality. It can be stated that the velocity of reaction is very nearly proportional to enzyme concentration.
Upon the assumption of a strict proportionality the theoretical expectation would be that the initial light at zero time would be half as bright for C as forC. For from equation 2 if t=0, then log I = log Ak. k Now if k becomes ~, as a strict proportionality would require, I must I, become~ since A is constant. The initial flashes, tabulated in Table III , are seen to be quite erratic, and not at all in line with this theoretical expectation. Even the values calculated for the initial brightness from the intersections of the straight line plotfings upon the zero time axis give poor approximation to the theoretical values. I believe that the presence of the initial flash is responsible in some way for this lack of coincidence, masking, as it does, the fundamental nature of the decay during the first second or two. I consider the very good approximation of the experimental values for reaction velocity with the expectation for a direct proportionality betweeff it and enzyme concentration as being more significant and important than these initial light observations and calculations.
Influence of Ludferin Concentration.
Returning again to equation (2) we observe that if the value of A, or luciferin concentration, be reduced with all other factors held constant, the value of k is not affected by this reduction, and the slope of the straight line plotting, its graphical counterpart, is also unaffected. In other words, the theoretical expectation is that with two different luciferin concentrations the straight line forms should run parallel to each other.
In my first attempt to investigate this factor I adopted a dilution method similar to that used with success in reducing enzyme concentrations to known lower values. In diluting I first used distilled water, and then later, because this procedure diluted the yellowish pigments always present as well, I diluted with oxyluciferin solutions, boiled until complete oxidation of the original lucfferin had been effected. For I found that the yellowish pigments gave a rather high extinction coefficient (about 0.3) for blue light which to the eye was a fair match for Cypridina light, and it at once became evident that while dilution with water would presumably not affect the shape of the decay curve, it would affect the magnitude of the light intensifies observed all along it.
It appeared therefore that in order to obtain comparable values for two different luciferin concentrations it was necessary to control the pigment concentration. I did this by diluting with oxyluciferin solutions, whose pigment concentration was matched with that of the newly prepared luciferin solution which was to be studied, the two solutions being observed through a colorimeter until the concen-tration of the oxyluciferln had been reduced by dilution to the proper C C C value. I then prepared C and ~-, C and ~, and C and ~-luciferin solutions.
The study of such solutions gave erratic and somewhat curious results. In each separate curve the logarithmic relationship appeared quite definitely, but the expected parallelism in the straight line plottings did not develop. Instead, as solution appeared, in all but one case, to fall through the decay curve with a faster reaction velocity than its companion concentrated solution. Temperature was carefully controlled, and enzyme strengths were of course identical. I have tabulated some of these erratic results in Table IV . By what must certainly be a chance coincidence the ratio k comes out very nearly the same for the three C and C records k~ 2 studied. I am not able to state what uncontrolled factor has been at work in these dilution experiments to produce this curious acceleration of velocity at lower concentrations of the lucifeHn. It may possibly be a difference in pH, or in salt concentration. In any case I have been able to determine that these results do not represent the real effect of changing luciferin concentration alone.
In my first attempt to study the possibility of obtaining identical decay curves with identical enzyme and luciferin solutions, I did not use the double pipette which has been described, but started the two reactions successively, the one 16 seconds after the other, so as to place the records side by side upon the film. I found that the resulting decay curves were not superposable, but in the straight line plotting ran parallel to each other. It seemed reasonable to suppose that in the intervening 16 seconds of time the spontaneous This experiment furnished the clue to a more satisfactory technique, which does not permit, it is true, of securing accurate previous infor-marion as to relative luciferin concentrations, but does effect the production of differences in them with all other factors held constant. The procedure adopted was the rather simple one of increasing the temperature of one sample of a luciferin solution, to hasten the secondary reaction, while its originally identical companion was held at a lower temperature. In the experiment shown in Fig. 6 one solution, giving curve/J, was raised to a temperature of 55 ° for 3 minutes, and then cooled to the same temperature as its companion tube. Simultaneous records of the two solutions were then made. This method avoids any error due either to pigment changes or to pH fluctuations, or to any other unknown and uncontrolled factor which may have entered in to distort the previous results. The records thus obtained are so closely parallel as to admit of no other 0.790 interpretation but that luciferin concentration does effect only the value of the y-intercept, and not the value of k, according to the theoretical expectation. I have tabulated the values of k for five such experiments in Table V . While I have been unable to obtain such records from solutions in which the relative luciferln concentrations are accurately known in advance there is every reason to believe that, since the two plottings are parallel, in accord with expectation, the relative concentrations may also be arrived at from the data. For if A in equation (2) becomes 2' then at zero time, I must become 2' since k is constant; and if A becomes A, then I becomes -/, and so on. So if, inFig. It follows that the total amount of light emitted from two solutions differing in luciferin concentration will be in direct proportion to those concentrations, for at every instant the light emitted by the one will be the same constant fraction of the light emitted by the other. I have previously used this relationship to determine indirectly the form of the reaction in the secondary or spontaneous reaction.
The Temperature Coeficient.
I have made a brief preliminary study of the temperature coefficient, and upon the basis of the data which I have obtained can say that \. The following out of the initial assumption of the work, namely that light intensity at any instant is directly proportional to the reaction velocity at that instant, has led to a fairly consistant picture of what occurs in the course of the bioluminescent reaction in Cypridina. The decay curve is seen to fulfill closely the theoretical expectation for a monomolecular reaction the velocity of reaction is found to be proportional to enzyme concentration, and the diminution of substrate concentration affects only, as it should, the value of the y-lntercept, and not the slope of the straight llne plotting. The very consistency of the results points strongly to the truth of the initial assumption, for which indeed there is a strong likelihood, on purely a priori considerations. I believe that the present observations will lend considerable quantitative support to the hypothesis of Trautz.
The monomolecular form of the decay curve indicates very clearly that we are dealing here with an oxidation process similar to the oxidation of leuco-methylene blue, as Harvey 7 has suggested, and not with a process of the type of the well known oxidation of cysteine to cystine by the dehydrogenation and union of two cysteine molecules. A reaction of the latter type may be written The present data are somewhat more difficult of interpretation when we turn to the conditions obtaining during the first few seconds of the reaction, for here we find a bright initial flash out of all accord with the succeeding values, and thereby masking the beginning of the reaction.
As far as I am aware, no report has ever been made, or perhaps has ever been possible, upon the reaction velocity of any organic catalysis during the first few seconds of its course. The reaction under consideration is unique in affording information as to reaction velocity at every instant along its course, and the photographic method which I have employed has given clear evidence concerning the rather striking character of the bright initial flash. The kinetics of no other enzymatic process that I know can be studied in any such direct way. In none other can the d x of the reaction be immediately dt measured. It appears that this luminescent reaction may be thus peculiarly fitted for the making of further quantitative studies bearing upon enzyme theory.
I am convinced that the occurrence of the bright initial flash has a considerable theoretical significance. It has at times been observed, in the study of inorganic heterogeneous cat~lysi~L 8 that there may occur high initial reaction velocities similar to that of the luminescent reaction in Cypridina. Such phenomena may be interpreted as due to the fact that at the very beginning of the reaction, the surfaces of the catalyst are clean, allowing a rapid adsorption of the substrates and a high reaction velocity. These initial conditions speedily vanish, for the collection of the resultants at the surfaces rapidly decreases the active masses, until an equilibrium is established between diffusing resultants, and new active material reaching the surfaces. The reaction then slows down, and straightens out into a consistent form which governs its later course.
It has long been believed by many students of organic catalysis that enzymes and their associated substrates must really be heterogeneous systems, and many facts have pointed indirectly to the truth of this belief. In the present instance there can be no doubt that luciferase, the enzyme concerned, is a colloid, as are most enzymes (Harvey, 1920) 9 and a complex protein at that. There is every reason, therefore, for expecting heterogeneity.
Yet this expectation for enzyme reactions is rarely borne out by the result of kinefical studies. In such heterogeneous systems the rate of diffusion to the surfaces involved becomes an element in the situation, but this factor is usually completely masked by the relative rapidity of this diffusion as compared with the velocity of the reaction itself. Thus Arrhenuis 1° states: "The study of the velocity of reactions in heterogeneous systems indicates that they behave very nearly in the same manner as homogeneous systems .....
It depends on the circumstance that the diffusion goes on so rapidly that it does not perturb the chemical processes."
Even in a reaction which proceeds as swiftly as that under consideration, the diffusion rate must be even more rapid and therefore negligible, for the temperature coefficient is high, as usual for enzymatic processes. During the major part of the reaction, therefore, we must be measuring the rate of the oxidation process itself, and no hint of the heterogeneous nature of the system can be derived from the data. The initial flash is, however, in a different category, and I believe that it must be argued that the momentary appearance of this high reaction velocity when the enzyme is introduced is a direct indication of the heterogeneity of the system, to be interpreted in some similar way to that already stated for inorganic heterogeneous catalysis. The details of the mechanism can not yet be stated. It must be admitted that the surfaces of the enzyme particles can not be conceived to be initially completely clean, since, from the manner of their preparation, oxyluciferin is present. The major portion of the surfaces involved may still be free from such reaction products.
Under the experimental conditions of the present work it is certainly not possible to reach the high concentration values which must 9 Harvey, E. N., The nature of animal light, New York, 1920 , 141. 10 Arrhenius, S., Immunochemistry, New York, 1907 exist for both enzyme and substrate in the bodies of luminescent forms. We have already seen that even in vitro, with comparatively dilute enzyme solutions, the velocity constant reaches a very high value. In those luminescent forms in which the mixing of luciferase and luciferin occurs within the body, concentrations must be much higher, and the reaction must be still further greatly accelerated, so that the light is confined practically to a single momentary flash.
Even in Cypridina where the luminescent materials are ejected into the sea water, these must be very narrowly localized, and the velocity of reaction and the intensity of the light produced, must be far higher than we can secure in our laboratories. These bioluminescent reactions give a beautiful visual demonstration of the swiftness and efficiency of organic catalysis.
SUMMARY.
1. The decay curve of the light produced in the course of the luminescent reaction in Cypridina is, after the first second, in complete agreement with the theoretical expectation for a monomolecular reaction, if light intensity at any instant is assumed to be proportional to reaction velocity at that instant. It is shown that for such a reaction logI= --kt+IogAk and that the experimental values satisfy this equation.
2. The first second or two of the reaction is characterized by a brilliant initial flash, whose value is much too high to accord with the succeeding intensities and with the above formula. It is suggested that this initial high reaction velocity is an indication of a heterogeneous system.
3. Identical solutions run simultaneously give decay curves which check within the limits of the photographic error.
4. Stirring does not affect the reaction velocity or the form of the decay curve.
5. Reaction velocity is proportional to enzyme concentration, over the range of concentrations used in the study.
6. Changes in the concentration of the substrate do not affect the value of k, when all other factors are held constant. A diminution
